Based on the analyses of data obtained from the underground powerhouse at Jinping I hydropower station, a comprehensive review of engineering rock mechanics practice in the underground powerhouse is first conducted. The distribution of strata, lithology, and initial geo-stress, the excavation process and corresponding rock mass support measures, the deformation and failure characteristics of the surrounding rock mass, the stress characteristics of anchorage structures in the cavern complex, and numerical simulations of surrounding rock mass stability and anchor support performance are presented. The results indicate that the underground powerhouse of Jinping I hydropower station is characterized by high to extremely high geo-stresses during rock excavation. Excessive surrounding rock mass deformation and high stress of anchorage structures, surrounding rock mass unloading damage, and local cracking failure of surrounding rock masses, etc., are mainly caused by rock mass excavation. Deformations of surrounding rock masses and stresses in anchorage structures here are larger than those found elsewhere: 20% of extensometers in the main powerhouse record more than 50 mm with the maximum at around 250 mm observed in the downstream sidewall of the transformer hall. There are about 25% of the anchor bolts having recorded stresses of more than 200 MPa. Jinping I hydropower plant is the first to have an underground powerhouse construction conducted in host rocks under extremely high geo-stress conditions, with the ratio of rock mass strength to geo-stress of less than 2.0. The results can provide a reference to underground powerhouse construction in similar geological conditions.
Introduction
Jinping I hydropower station involves cascaded development of the hydropower resources on the Yalong River. The major structures consist of a concrete double-curvature arch dam and an underground powerhouse. The water diversion and power generation system is placed on the right bank of the dam site. Six generators, each composed of one unit with a capacity of 600 MW, are placed underground.
The underground cavern complex on the right bank is composed of water intake tunnels, underground powerhouse, bus bar openings, main transformer hall, surge chambers, and tailrace tunnels, etc. (Fig. 1) . Three major caverns (powerhouse, main transformer hall, and surge chambers) are parallel to one another. The rock cover over the cavern ranges from 160 m to 420 m and the distance from the valley slope to the cavern is about 120 m (Fig. 2) . The orientation of the longitudinal axis of powerhouse is N65 W. The scale of the underground cavern complex is significantly large. For the powerhouse, the excavation height is 68.8 m and its length is 276.99 m, with a span of 25.6 m under the crane beam elevation and 28.9 m above that. The dimensions of the main transformer hall are 197.1 m Â 19.3 m Â 32.7 m (length Â width Â height). The design of water diversion and power generation system adopts the concept that every three generators correspond to one surge chamber and one tailrace tunnel. Two surge chambers are cylindrical on their sidewalls and spherical on their top arch. On the right is the No. 1 surge chamber which is 80.5 m high with diameters of 41 m and 38 m on its upper and lower parts, respectively. On the left is the No. 2 surge chamber which is 79.5 m in height with diameters of 37 m and 35 m on its upper and lower parts, respectively.
The flow direction of Yalong River at the dam site is NE25 . The river is roughly straight with a narrow cross-section. The underground powerhouse is located 350 m downstream of the dam axis with a vertical overburden depth of 180e350 m and a horizontal overburden depth of 110e300 m. According to geo-stress measurements, the maximum principal stress ranges from 19 MPa to 35.7 MPa with a NW-NWW orientation. Its tensor points downward to the outward direction of the slope and also intersects the river flow direction at a large angle. The outcrop strata of the underground powerhouse region are mainly composed of marbles of the Zagunao formation of Middle and Upper Triassic Series. The uniaxial compressive strength of saturated rocks is less than 75 MPa. Using the initial geo-stress measurement data and rock strength testing results, the ratio of rock mass strength to geo-stress for the rock around the underground powerhouse is determined from 1.5 to 3. Thus the geo-stress condition can be classified as a high to extremely high geo-stress condition.
Geological structures, such as faults f13, f14, f18, and lamprophyre dike X, are observed within underground powerhouse region. The presence of the faults not only lowers the integrity of the surrounding rock mass, but also plays a decisive role in the deformation and stability of rocks around the powerhouse.
The excavation of the underground powerhouse at Jinping I hydropower station started in January 2007. It took four years to complete the excavation of underground cavern complex and the excavation of the surge chambers was completed in December 2010. Among all the underground powerhouses, Jinping I hydropower station is the first one built under extremely high geo-stress condition with a span of 30 m, where the ratio of rock mass strength to geo-stress is the lowest. Due to the site-specific geological conditions and high geo-stress distribution, complex rock mechanics problems related to construction are challenging issues that should be addressed (Wang, 2003; Qian, 2004; Gong et al., 2010; Wu et al., 2010a; Wu and Zhu, 2014) . Monitoring data show that the maximum deformation measured in the surrounding rock mass reaches 250 mm and the depth of the unloading relaxation area exceeds 15 m. In this case, multiple rock failure modes are observed around the underground powerhouse.
In view of the rock mechanics problems in Jinping I hydropower station, many studies have been conducted, such as geological conditions, project layout Huang et al., 2014) , excavation and rock mass support (Duan et al., 2009; Wang et al., 2013) , stability analysis and evaluation (Wang et al., 2007; Li et al., 2009; Wu et al., 2010b; Huang et al., 2011; Lu et al., 2012) , deformation and failure mechanism (Chen et al., 2010; Liu et al., 2010; Lu et al., 2010; Wei et al., 2010; Xie and Sun, 2010; Yi et al., 2010; Zhou et al., 2012) , and time effect of surrounding rock mass deformation (Chen et al., 2011; Li et al., 2014) . Based on the experiences obtained from underground powerhouse construction over the past decade , the present paper tries to analyze the rock mass stability and supporting measures needed according to the site-specific geological conditions and mechanical properties of rocks obtained at an earlier stage. The data obtained from a geological investigation during construction, monitoring of surrounding rock mass deformation, and anchorage structure stress will be used for optimization process and back-analysis purposes.
Main powerhouse
2. Geological setting and initial geo-stress 2.1. Stratum, lithology, and geological structure
The attitude of the strata within the scope of underground powerhouse region is generally N50 e60 E/NW30 e40 (Fig. 3) . The strike of the strata intersects the longitudinal axis of the underground powerhouse at a large angle with the dip inclination being outward from the mountain at a gentle angle. The outcrop strata are mainly composed of marble (denoted as T 2ð2À4Þ 2À3z ) from the second to fourth layers of the Zagunao formation of Middle and Upper Series of the Triassic Period. The strata, denoted as the 2nd, 3rd, and 4th layers, are subsequently exposed from the lower part to the upper part of the mountain. The 2nd layer is 30e80 m thick. The lithology of this layer's upper part mainly consists of a medium to laminar marble layer with a small amount of green schist. The fractures of the bedding surface are well developed. The lower part of the 2nd layer is brecciated marble and its rock mass structure is thick, layered, and blocky. The 3rd layer is 20e50 m thick. The lithology of this layer is mainly composed of strip marble and homochromatic brecciated marble with a minor amount of laminar layers of green schist. The rock mass structure of this layer is thick, and layered to blocky. The 4th layer is 80e100 m thick. The lithology of this layer consists of grey marble and colored brecciated marble. The green schist is sporadically distributed and forms a plane of weakness in the 4th layer.
Small amounts of lamprophyre dike X are found within the powerhouse region. It is basically 2e3 m wide and 7 m wide in some local areas. The attitude is generally N60 e80 E/SE 70 e80 . The lamprophyre dike X within the underground powerhouse region is dislocated with broken geo-materials throughout.
The major faults f13, f14, and f18 mainly develop along a NE direction in the underground powerhouse region. Faults f13, f14, and f18 are exposed on the sidewall of the cavern complex and are the controlling faults for surrounding rock mass stability. Other faults, at smaller scale, develop either along a NEE direction or a NW-NWW direction.
Fault f13 obliquely intersects the assembly section of the powerhouse. Its attitude is N55 e65 E/SE70 e85 and the angle between its strike and the longitudinal axis of powerhouse is about 50 . The width of the major fault is generally 1e2 m and reaches 3 m at its widest. Fault f13 is mainly composed of ruptured rocks, breccia and mylonite.
Fault f14 passes through the main powerhouse, main transformer hall, and No. 1 surge chamber. Its attitude is N60 e70 E/ Fig. 3 . Relationship between strata and major caverns: (a) Vertical section of main powerhouse, and (b) Horizontal section of major caverns. SE70 e80 . The width of the fractured zone is about 0.2e1 m in most cases and reaches 3.5e4 m in some places.
Fault f18 passes through the first auxiliary powerhouse, main transformer hall, and No. 2 surge chamber. Its attitude is N60 e 80 E/SE60 e80 and its width is 20e40 cm. Fault f18 is mainly composed of black mylonite and breccia. Fault f18 and the lamprophyre dike constitute the large-scale zone of weakness zone here.
In addition, four sets of joints, which contain bedded fractures, are also observed in the surrounding rock mass. Table 1 summarizes the uniaxial compressive strength of saturated rocks of various types.
Initial geo-stress characteristics
During the geological exploration process, disk-like rock core rupture and bending-swelling of sidewall rock mass in the exploratory adits are frequently encountered. This indicates that the engineering area is characterized by high geo-stresses. To investigate the initial geo-stress of rock mass in the project area, three-dimensional (3D) borehole over-coring relief stress measurements and 3D hydraulic fracturing stress measurements are used to measure the initial geo-stress in the rock mass in the exploratory adits before project commencement. Of the different methods used, 17 groups of tests are conducted using the stress relief method. The measured maximum principal stress s 1 is 35.65 MPa with an orientation of NE132 and a dip angle of 8 . Three groups of tests are conducted using the hydraulic fracturing method. The measured maximum principal stress s 1 is 19e 35.9 MPa, with an orientation of NE114 e141 and a dip angle of 8 e49 . The intermediate principal stress s 2 is 15e18 MPa, and the minimum principal stress s 3 is 6e10 MPa. Fig. 4 plots the whole stereographic projections of stress vectors according to the principal orientations of 3D stresses in 10 groups of results obtained from four exploratory adits using the stress relief method. If the projection point is located outside the circle, then the dip angle value of corresponding geo-stress is negative. Based on the initial geo-stress measurements, the orientation of the maximum principal stress is NW-NWW and it is inclined away from the mountain.
The data show that the ratio of rock mass strength to geo-stress is basically 1.5e3, indicating a high to extremely high geo-stress condition.
Excavation process and rock mass support
To describe the excavation process and corresponding rock mass support works, the excavation schemes for three major caverns are introduced. For supporting measures, emphasis is placed on the main powerhouse.
Excavation stages and construction durations
The excavation stages and corresponding construction durations for three major caverns are listed in Table 2 . It is shown that the excavation durations for the major caverns consisting of the main powerhouse, the transformer hall, and each surge chamber, are 39, 36, 37 and 39 months, respectively, and their average stage excavations are 6.2 m, 8.2 m, 6.2 m, and 6.1 m high, respectively.
Design and adjustment for rock mass support of the main powerhouse
The rock mass support design can be divided into regular design and specific design due to the presence of faults f14, f18, and lamprophyre dike X. During construction, adjustment and enhancement of rock mass supports are conducted timely, based on surrounding rock mass deformation and failure conditions.
The rock mass support for the main powerhouse is mainly designed for the top arch area, the upper part, the middle part, and the lower part of high sidewall area. Rock mass support measures are mainly composed of suspended steel net, shotcrete, anchor bolts, and pre-stressed anchor cables. The rock mass support can be strengthened by increasing the supporting measures. For some potentially unstable areas, reinforced concrete arch ribs and steel strand anchors can be used. The details of rock mass supporting in this study can be described as follows:
(1) Suspended steel net and shotcrete. The steel net wires are generally 8 mm in diameter with spacing of 20 cm Â 20 cm. The shotcrete is 15e20 cm thick. Before net installation, C30 concrete or steel fiber shotcrete with thickness of 5 cm is sprayed first. After installation of the steel net, C25 concrete with a thickness of 15 cm is then used. (2) Anchor bolt. The anchor bolts adopted in this project are divided into grouted bolts and pre-stressed bolts. The prestressed bolts can be placed alternately with grouted bolts. The use of pre-stressed bolts can be considered as an approach to strengthen the anchor supporting measures. The 6 m long bolts and 9 m long bolts are placed alternately. The 7 m and 9 m long bolts are used in some local areas. The spacing of the anchor bolts is 1e1.5 m. During construction, steel plates are used at the ends of each bolt to improve their performances. (3) Pre-stressed anchor cable. The pre-stressed anchor cables are considered as an important supporting measure for surrounding rock mass of underground powerhouse under high geo-stress conditions. During design phase, there were respectively eight rows of pre-stressed cables in the 
Surrounding rock mass deformation and failure characteristics

Surrounding rock mass deformation of underground powerhouse
Based on the layout of underground powerhouse and geological conditions, nine monitoring sections are arranged for surrounding rock mass deformation control purposes in the three major caverns (Fig. 5) .
Among the nine monitoring sections, there are two key monitoring sections: No. 2 unit (longitudinal section of the powerhouse at 0þ031.7 m) and No. 5 unit (longitudinal section of the powerhouse at 0þ126.8 m). Four sections were used for conventional monitoring purposes. The other three monitoring sections were specifically intended to reflect the influences of geological structure on the stability of local rock masses. At each monitoring section, multi-point extensometers, stress gages for bolts, and dynamometers for cables formed the bulk of the monitoring instruments.
As for the drainage galleries surrounding the cavern complex, multi-point extensometers were installed before cavern excavation. Moreover, some multi-point extensometers were installed immediately behind the excavation face. In total, there are 239 instruments used. For each extensometer, three to six gages are used.
Based on the monitoring results obtained from 107 multi-point extensometers installed in the main powerhouse and the main transformer hall, the surrounding rock mass deformation characteristics are summarized in Table 3 . Typical deformation curves are shown in Fig. 6 .
The monitoring results are summarized as follows:
(1) Deformations of different sidewall areas vary significantly due to the presence of faults f14, f18, and lamprophyre dike X. For areas free from the negative effects of geological structure, rock deformation values are generally lower than 30 mm. For areas affected by unfavorable geological structures, rock deformation value generally exceeds 50 mm and reaches a maximum of 245 mm in the downstream sidewall at chainage 0þ126.8 m in the main transformer hall. In the main powerhouse, 107 sets of extensometers are installed: 22 with monitored deformation values larger than 50 mm. (2) The deformations of the downstream abutment and sidewall in the main powerhouse and main transformer hall are larger than those of the upstream abutment and sidewall, especially around units Nos. 5 and 6. (3) The deformation of the top arch in the main powerhouse and the main transformer hall is comparatively small and in local area, upward deformation is observed.
Unloading relaxation characteristics of surrounding rock mass
The unloading relaxation characteristics of surrounding rocks are mainly obtained from acoustic wave velocity measurement and television imaging records from detection boreholes around the main powerhouse and the main transformer hall. In this project, there are eight and six monitoring sections used for the main powerhouse and main transformer hall, respectively. In each section of the main powerhouse, six detection holes are respectively arranged on the upstream and downstream sidewalls; whilst four detection holes are respectively arranged on the upstream and downstream sidewalls in the main transformer hall. The detection holes are drilled to facilitate borehole television operation to observe the unloading relaxation characteristics of the rock mass. The depth of each detection hole generally exceeds 20 m. The acoustic wave velocity measurement results indicate that the unloading relaxation of the surrounding rock mass in shallow areas is significant. The velocity of the acoustic waves is 2000e 5000 m/s; while for intact rock masses, it is 5500e6200 m/s. Based on the acoustic wave results, the extent of the strong relaxation zone, which can be also verified through borehole television results, can be roughly determined. The unloading relaxation characteristics of the sidewall in the main powerhouse and the main transformer hall are summarized in Table 4 . The velocity curves of acoustic wave corresponding to the borehole television image indicate the unloading range of the rock mass, as shown in Fig. 7. 
Failure characteristics of surrounding rock mass
Under high geo-stress geological conditions, various patterns of surrounding rock mass ruptures are observed at different locations in the shallow area during cavern excavation. During the excavation of the 4th stage of the main powerhouse and the lower part of the main transformer hall, shotcrete cracks and rock mass ruptures were found in areas such as the downstream abutment of the main powerhouse and main transformer hall, as well as in the surrounding rock mass on the river side of the bus bar opening. The observed local failures affected the subsequent excavation works.
Based on field geological investigation and mechanical analysis, the rupture of surrounding rock masses in shallow areas can be classified into four types: rib spalling, unloading rebound, local splitting, and bending-swelling. Each pattern of rock mass failure and related characteristics are listed in Table 5 . Fig. 8 shows the splitting and bending failures of the rock mass at the downstream top arch area in the main powerhouse.
Stress characteristics of anchorage structures
Monitoring of anchorage structure and instrument layout
To monitor stresses in the anchor bolts and forces in anchor cables in this underground cavern complex, stress gages and dynamometers are installed with the combination of bolts and cables.
Apart from the selected monitoring section, stress gages and dynamometers are also installed on bolts and cables, respectively. In total, there are 267 bolts and 529 cables included in the stress and force monitoring system of the main powerhouse.
Monitored stresses in anchor bolts
The stress monitoring results from 109 bolts in the main powerhouse show that, over 94% bolts are in tension state and there are about 25% of the anchor bolts bearing a stress of more than 200 MPa. For the stress distribution properties, stresses in 58% of the bolts are less than 100 MPa, and 91% of bolts bear stresses less than 300 MPa. The stress recorded in about 6% of bolts exceeds 400 MPa, which almost reaches the tensile strength of the anchor bolt.
The stresses in anchor bolts at the downstream abutment, the lower part of the sidewall, and the fault-affected areas in the main powerhouse are larger than those in other areas. For stress gages at 2 m, 4 m, and 6 m depths, the bolt stresses are similar in magnitude. Generally, the stress gage reports larger magnitudes when they are further away from any excavation surfaces. Fig. 9 shows the cumulative probability distribution of the monitored stress in these anchor bolts.
Monitored stresses in anchor cables
There are different types of pre-stressed anchor cables as rated to 2500 kN, 2000 kN, 1750 kN, 1500 kN, and 1000 kN, which are used in the main powerhouse and main transformer hall. The locking load coefficients for pre-stressed cables are normally designed to be 0.66e0.875. The smallest coefficient is 0.5. The force monitoring results from 228 cables in the main powerhouse and 101 cables in the main transformer hall show that for the monitoring cables, there are 36.4% and 50.4% cables being relaxed to some extent, respectively. The locking load of 97% of cables with force relaxation is reduced to within 30% of design load. For 80% of the cables, when the locking load increases after installation, the ratio of increased load to locking load is within 20%. There are a few pre-stressed cables in which the ratio of increased load to locking load exceeds 40%. Among those cables with increased load after installation, 12.7% are in the main powerhouse and 8.9% are in the main transformer hall, respectively. For the main powerhouse, the stresses in those cables at the middle part of the upstream sidewall, the abutment, and the middle and upper parts of the downstream sidewall increase considerably. For the main transformer hall, the stresses in those cables at the abutment, and the middle and upper parts of the downstream sidewall also increase significantly. According to the configuration of the steel strands in the prestressed anchor cables, the utilization ratio of tensile strength is used to designate the material factor of safety for steel strands. The utilization ratio of tensile strength of a steel strand is 0.675 here, which is equivalent to a factor of safety of 1.6. To obtain the safety margin for cables, the factors of safety are calculated based on dynamometer data. By summarizing data from 329 dynamometers installed in the main powerhouse and main transformer hall, factors of safety are obtained and categorized in Table 6 . It is found that the factor of safety of 82.37% of the cables exceeds 1.6; for 2.43% of cables it ranges from 1 to 1.2, indicating that the stress in the steel strands approaches the designed tensile strength. The minimum factor of safety is 1.03 and the associated cables are located at the middle part of the downstream sidewall in the main powerhouse. Fig. 10 shows the typical curves of pre-stressed cable force versus time based on dynamometer monitoring results.
6. Numerical simulations of surrounding rock mass stability and anchorage structures
Numerical model and mechanical properties of rocks
The layered rock mass composite model, LRCM , is used to characterize the behavior of the marble herein Table 4 Relaxation characteristics of the sidewall in the main powerhouse and main transformer hall.
Location
Unloading and relaxation characteristics 
Table 5
Failure patterns and corresponding characteristics of surrounding rock mass in the shallow areas.
Failure pattern Main characteristics
Rib spalling This type of failure occurs immediately, or several hours after the rocks are excavated. It is always observed at downstream abutments of caverns with longitudinal axes perpendicular to the water flow and in the surrounding rock mass on the river side of the bus bar openings. The thickness for rib spalling is generally 20e50 cm and the maximum thickness is 50e70 cm Unloading rebound
For stratum and sidewall in the bedding direction, excavationinduced unloading rebound deformation leads to rock mass failure and generates large amounts of platy and flaky rock plates or slices. The thickness of the rock plates or slices varies from 5 cm to 30 cm, with smaller thicknesses near the excavation surfaces and larger thicknesses away from excavation surfaces. This mainly occurs at the upstream sidewalls of caverns such as at the main powerhouse and at the lower part of the sidewall on the mountain side of the bus bar openings Local splitting Due to the effect of magnitude differences among the principal stresses caused by rock excavation, tensile shear-induced and compressive shear-induced splitting failures occur in local areas in the surrounding rock mass. The splitting direction is always parallel to the excavation surfaces and is wavy and rough-faced. It mainly occurs at the downstream abutments of the main powerhouse and the main transformer hall, and at the top arch on the river side and lower part on the mountain side of the bus bar openings Bendingswelling Under high geo-stress condition, the laminar rock mass is bent inwards and even broken. This mainly occurs at the top arch on the river side of the bus bar openings and downstream abutments of caverns with their longitudinal axes perpendicular to the water flow direction and to simulate the mechanical responses of the surrounding rock mass and anchor structures during excavation. The model is able to consider the failure patterns of rock mass and structural planes to describe the anisotropic features of deformation and strength variations in the rock mass, and to simulate the progressive failure of rock mass structures induced by deformation. The mechanical properties of the surrounding rock mass are determined from acoustic wave test data, borehole television, and multi-point extensometer monitoring. The unloading relaxation zone of the surrounding rock mass is divided into a strong relaxation zone, a weak relaxation zone, and a non-relaxed zone. Based on the LRCM, the mechanical properties of the rock mass in different areas are obtained based on a regression analysis of numerical modeling data. Table 7 summarizes the deformation parameters for the Class III surrounding rock mass. Based on aforementioned model and mechanical parameters, finite difference software FLAC 3D is used to simulate the mechanical responses of the surrounding rock mass and anchorage structures subjected to excavation. The normal anchor bolts, pre-stressed anchor bolts, pre-stressed anchor cables, anchor piles, and shotcrete are considered in this model. The adjustments to the excavation sequence and anchor supporting measures are also taken into account according to construction performance.
Deformation characteristics of surrounding rocks
Fig . 11 shows the displacement contours and vectors in the surrounding rock mass in a typical section upon excavation completion. The "cavern group" effect is remarkable after cavern excavation. Generally, the distribution and magnitude of the deformation are significantly affected by the orientation and magnitude of initial geo-stress, stratum attitude, and especially the faults and lamprophyre dike X. The areas of comparatively larger magnitude of deformation are consistent with the areas where large plastic strains are observed. The main characteristics of the deformation of the surrounding rock mass can be summarized as follows:
(1) Main powerhouse. The deformation of the top arch is 50e 67 mm, and that of the upstream sidewall is 29e90 mm with a maximum value of 230 mm. The area with deformations larger than 100 mm is mainly located in the rock mass in unit Sections 2e6 at elevations of 1640e1660 m. Deformation in the downstream sidewall is generally less than 90 mm. The maximum is 247 mm and the area with deformations greater than 100 mm is mainly located near the crane beam and in the sidewall at elevations of 1650e1665 m on the downstream side. 45 mm and that of its sidewall is 17e125 mm. The deformation of the sidewall, which is affected by the faults f14, f18, and the lamprophyre dike X, is considerably larger. . Cumulative probability distribution of monitored stress for anchor bolts. It should be noted that, the deformation obtained by numerical simulation is the absolute value of displacement in one particular position, while the monitored deformation values by means of multi-point extensometers are the relevant values of displacements obtained from two measurement points. Thus, the physical meanings of two kinds of deformation values are different. Fig. 12 shows a comparison of monitored and calculated values, which indicates that the deformation magnitude and its distribution are acceptable. Fig. 13 shows the principal stress contours on typical sections in the surrounding rock mass upon completion of the excavation. The results indicate that the excavation-induced unloading of the surrounding rock mass leads to variations in the principal stresses and vectors. Stress concentration zones and stress relaxation zones are formed within the surrounding rock mass. As the excavation proceeds, the area of stress concentration gradually moves to the inner region of the surrounding rock mass. For caverns with a longitudinal axis perpendicular to the water flow direction, stress concentration areas are mainly located on the downstream abutment, and the lower corner of the upstream sidewalls. For caverns with their longitudinal axes parallel to the water flow direction, stress concentration areas are mainly located on the abutment on the river side and sidewall corner on the mountain side. The maximum principal stress is 60e80 MPa. For the rock pillar between the main powerhouse and main transformer hall, the stress relaxation area increases to some extent. The extent to which the stress is concentrated on the middle part of the rock pillar is observable.
Stress distribution in surrounding rocks
Plastic zone and failure characteristics of surrounding rocks
In this study, the equivalent plastic strain is used to quantify the plastic flow characteristics. Fig. 14 shows the plastic strain index distribution on a horizontal section through the cavern complex at the time of excavation completion. The depths of the plastic zones in the three major caverns are closely associated with the distribution of lithology and geological structures. Upon excavation completion, the depth of the plastic zone is generally 5e16 m, with a maximum of 22 m. The plastic zone between the main powerhouse and the main transformer hall of unit Sections 3e6 almost runs through the rock pillar. The numerical simulation results also indicate instability in the rock pillar between the main powerhouse and the main transformer hall.
Stress of anchorage structure
Numerical simulations indicate that the stress in a majority of the anchor bolts is less than 200 MPa, accounting for 82% of grouted bolts. Anchor bolts bearing stresses of 200e310 MPa account for 7.5%, and those above 310 MPa are 10.5% of the total.
The tensile stress in 84.1% of total anchor cables is less than 1209 MPa (40e65% of the tensile strength of the cable materials). The 94% of all installed anchor cables bear a stress within 90% of their tensile strength, while about 6% of all anchor cables bear stress of 90e100% of their tensile strength. Compared with monitored results (Table 6) , it is shown that the stress states and the proportions of anchor cables, numerically modeled and measured, are similar. Those areas with large stresses in their anchorage structures are consistent with the areas suffering large deformation and serious failure of surrounding rock masses, and are related to those areas mainly affected by faults and the lamprophyre dike X. The stress in anchorage structures in local areas within the cavern complex reaches or even exceeds the tensile strength of the anchor materials used.
Conclusions
Based on the analyses of data obtained from the underground powerhouse at Jinping I hydropower station, a comprehensive review of engineering rock mechanics practice in the underground powerhouse is conducted. The results indicate that the underground powerhouse at Jinping I hydropower station is characterized by high to extremely high geo-stresses during excavation. This is the main cause of large deformation of surrounding rock mass and the high stresses recorded on the anchorage structures. In this case, most of rock excessive deformations, unloading-induced rock deterioration, and local rock cracking failures are mainly induced by rock excavation.
Furthermore, the deformation of the surrounding rock mass and stresses in the anchorage structures are considerably larger than those in other underground powerhouses of similar sizes. The surrounding rock mass deformation values recorded by 20% of the extensometers in the main powerhouse exceed 50 mm, and the maximum in some particular areas is 250 mm. There are about 25% of anchor bolts bearing stress more than 200 MPa.
Engineering measures, including the systematic monitoring and measurement of rock mass deformation, unloading relaxation, and stress monitoring in the anchorage structures, and multiple reinforcement adjustments in the surrounding support, have played an important role in the stability of powerhouse construction. Currently, the monitoring data from the surrounding rock mass deformation and anchorage structure stress show that the underground powerhouse is globally stable.
The engineering practices at Jinping I hydropower station represent the first time that an underground powerhouse construction has been achieved in a rock mass under such an extremely high geo-stress regime in which the ratio of rock mass strength to geo-stress is less than 2. The study provides a reference for underground powerhouse construction projects under similar geological conditions. The minimum principal stress s 3 on a horizontal section at El. 1668 m.
